Introduction {#sec1-1}
============

No accepted biomarker for Alzheimer\'s disease exists, and this disease can only by diagnosed by brain biopsy or autopsy clinics\[[@ref1][@ref2][@ref3]\]. The key issue in the current study was to improve the accuracy of clinical diagnosis of Alzheimer\'s disease and to improve the sensitivity of early diagnosis of this disease. Changes in the metabolism of brain tissue at the molecular level are a sensitive indicator of brain function and disease lesions. Magnetic resonance spectroscopy can quantitatively analyze *in vivo* abnormalities of biochemical metabolism within brain tissue, thus allowing for a better understanding of the pathophysiology of Alzheimer\'s disease\[[@ref4][@ref5]\]. This technology has been applied in *in vivo* studies since the end of the 20^th^ century\[[@ref6]\], but its clinical application is limited due to low resolution of low-field nuclear magnetic resonance imaging (MRI)\[[@ref7]\]. High-field nuclear magnetic resonance allows great development of this technology because it clearly shows the microscopic anatomical structure of the entorhinal cortex and hippocampus with a relative objective due to external factors not affecting this technique. Compared with 3.0T magnetic resonance spectroscopy, high-field magnetic resonance spectroscopy (≥ 7.0T) exhibits high spatial resolution and density resolution, microscopic imaging of the living body, and obtains both high scanning resolution and result precision within a shorter scan time, thus providing a higher value in clinical diagnosis. However, high-field nuclear magnetic resonance spectroscopy is poorly understood due to its cost and conditions\[[@ref8][@ref9][@ref10][@ref11][@ref12][@ref13][@ref14]\], and its application in animal models of Alzheimer\'s disease has been rarely reported.

Alzheimer\'s disease is characterized by progressive cognitive and behavioral impairment\[[@ref15]\]. One of the major neuropathological hallmarks of Alzheimer\'s disease is the accumulation of β-amyloid (Aβ) peptide\[[@ref16]\]. Aβ1--40 may allow for this species to diffuse to larger distances resulting in an increased deposition around brain vessels\[[@ref17]\]. Amyloid precursor protein\[[@ref16]\], presenilin 1\[[@ref18]\] and presenilin 2 genes\[[@ref19][@ref20]\] have been identified to cause familial Alzheimer\'s disease. All of these mutations lead to abnormal accumulation of Aβ, supporting a significant role of Aβ in Alzheimer\'s disease. Several studies have shown that acute or chronic administration of Aβ into the brain causes some pathological events observed in Alzheimer\'s disease\[[@ref21][@ref22]\]. The aim of the present study was to characterize the early functional changes and pathological detections in the hippocampus of Alzheimer\'s disease rats. We established rat models of Alzheimer\'s disease using a stereotactic microinjection of Aβ1--40 into the bilateral CA1 hippocampal region. The brain was scanned by high-field 7.0T magnetic resonance spectroscopy.

Results {#sec1-2}
=======

Quantitative analysis of experimental animals {#sec2-1}
---------------------------------------------

Thirty rats were randomly divided into the model group and control group. In the model group, rats were injected with Aβ1--40 into the bilateral CA1 hippocampal region to establish Alzheimer\'s disease-like pathology. All rats involved were used for analysis.

Behavioral changes in Alzheimer\'s disease rats {#sec2-2}
-----------------------------------------------

On day 1 of the place navigation test in the Morris water maze task, no significant difference in the escape latency between the rat model of Alzheimer\'s disease and normal rats was found. On the second day, the escape latency of Alzheimer\'s disease rats was significantly (*P* \< 0.05) longer than normal rats ([Table 1](#T1){ref-type="table"}). In the spatial exploration test, the number of platform quadrant crossings in the Alzheimer\'s disease group was significantly (*P* \< 0.05) reduced and the time spent in the quandrant was also significantly (*P* \< 0.05) shortened compared with the control group ([Table 1](#T1){ref-type="table"}).

###### 

Escape latency, number of platform quadrant crossings, and time spent in the quadrant in the Morris water maze task of Alzheimer\'s disease rats and control rats
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7.0T high-field magnetic resonance spectroscopy imaging of Alzheimer\'s disease rats {#sec2-3}
------------------------------------------------------------------------------------

Two weeks after inducing Alzheimer\'s disease, T1WI and T2WI signals of MRI showed no apparent change in the bilateral hippocampi of Alzheimer\'s disease rats (Figure [1A](#F1){ref-type="fig"}, [B](#F1){ref-type="fig"}). Magnetic resonance spectroscopy showed that the N-acetylaspartate peak was reduced and the creatine and choline peaks were elevated in the model group compared with the control group (Figure [1C](#F1){ref-type="fig"}, [D](#F1){ref-type="fig"}). The N-acetylaspartate/creatine and N-acetylaspartate/choline ratios were significantly (*P* \< 0.05) reduced, but choline/creatine ratios remained unchanged ([Table 2](#T2){ref-type="table"}).

![7.0T high-field magnetic resonance spectroscopy images of Alzheimer\'s disease rats.\
The MRI T2-weighted images between rats 2 weeks after Alzheimer\'s disease was induced (A) and controls (B) were not significantly different. The panels represent magnetic resonance spectroscopy sensitive areas. (C) Magnetic resonance spectroscopy in the hippocampus of rats 2 weeks after Alzheimer\'s disease was performed. The N-acetylaspartate (NAA), choline (Cho), and creatine (Cr) peaks were 2.19, 1.63, and 1.68 ppm, re-spectively. (D) Magnetic resonance spectroscopy in the hippocampus of control rats. The NAA, Cho, and Cr peaks were 2.46, 1.14, and 1.27 ppm, respectively.](NRR-9-430-g002){#F1}

###### 

Changes of N-acetylaspartate/creatine, N-acetylaspartate/choline, and choline/creatine ratios in brains of Alzheimer\'s disease rats and control rats
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Pathological changes in the hippocampus of Alzheimer\'s disease rats {#sec2-4}
--------------------------------------------------------------------

Hematoxylin-eosin staining showed a loss of hippocampal neurons in Alzheimer\'s disease rats compared with controls ([Figure 2A](#F2){ref-type="fig"}). Furthermore, hippocampal CA1 neurons were disorderly arranged, cell morphology was abnormal, and more astrocytes and microglia were observed, compared with the control group ([Figure 2B](#F2){ref-type="fig"}).

![Hematoxylin-eosin staining of the pathological changes and transmission electron microscopy of the ultrastructural changes in the hippocampus of Alzheimer\'s disease rats.\
(A) Disordered structure and neuronal loss (black arrow), and increased glia (red arrow) in the hippocampal CA1 region of Alzheimer\'s disease rats. (B) Normal morphology of hippocampal CA1 neurons (arrow) in control rats. In Alzheimer\'s disease rats, hippocampal neurons were condensed (C, arrow), mitochondrial structure disorderly arranged (D, arrow), microtubular structures, which were chaotic (discontinuous and ruptured) (E, arrow). The microstructure of hippocampal neurons in the control group was normal (F, arrow). Scale bar: 50 μm (A, B), 5 μm (C, F), and 1 μm (D, E).](NRR-9-430-g004){#F2}

Cell counts were 13 ± 6 neurons/100 μm^2^ and 25 ± 8 glial cells/100 μm^2^ in the CA1 region of the hippocampus in the Alzheimer\'s disease group, and 27 ± 8 neurons/100 μm^2^ and 10 ± 5 glial cells/100 μm^2^ in the same region of the control group.

Ultrastructural changes in the hippocampus of Alzheimer\'s disease rats {#sec2-5}
-----------------------------------------------------------------------

Transmission electron microscopy showed that normal morphology of hippocampal CA1 neurons in control rats ([Figure 2F](#F2){ref-type="fig"}). Furthermore, these rats exhibited an intact neuronal structure. We also observed the cytoplasm, nucleus, nucleolus, normal organelles (mitochondria and Golgi body), normal blood capillary, endothelial cells, pericytes, the presynaptic membrane, and the postsynaptic membrane. Excitatory neurotransmitter (round, clear vesicles) and inhibitory neurotransmitter (slightly large size, sheath) were also observed. In the Alzheimer\'s disease group, hippocampal neurons and nuclear substances were condensed and aggregated, secondary lysosomes were increased, the Golgi body structure was unclear, lipofuscin was deposited, the mitochondrial structure was disorderly arranged, and microtubules were discontinuous and ruptured ([Figure 2C](#F2){ref-type="fig"}--[E](#F2){ref-type="fig"}). Furthermore, the synapse was edemic, presynaptic excitatory neurotransmitter vesicles were increased, the astrocytic cytoplasm was mildly swollen, and astrocytes were increased.

Discussion {#sec1-3}
==========

Nuclear magnetic resonance spectroscopy analyzes brain metabolites, such as N-acetylaspartate, creatine, choline, myo-inositol, and lactate. N-acetylaspartate is mainly distributed in neurons and is considered to be one of the numerous neuronal markers used in magnetic resonance spectroscopy\[[@ref23][@ref24]\]. N-acetylaspartate also reflects mitochondrial function. The concentration of N-acetylaspartate is an indicator of the number of neurons and neuronal metabolism. A reduced level of N-acetylaspartate reflects neuronal loss, as well as functional abnormalities\[[@ref25]\]. In the present study, the peak value of hippocampal N-acetylaspartate 2 weeks after inducing Alzheimer\'s disease to rats was significantly lower than the control group. This result indicated that injection of Aβ1--40 may have caused hippocampal neuronal loss or functional impairment. Creatine, including creatine phosphate, provides a reserve of high-energy phosphate and buffers the conversion of ATP to ADP, and is thus considered a sign of energy metabolism. Creatine concentration is stable in both physiological and pathological conditions, and is often used as a reference to calculate the relative concentration of other metabolites\[[@ref26]\]. We adopted creatine as an internal reference to observe changes in the concentration of other metabolites. Brain damage incurred by Alzheimer\'s disease mainly occurs within the gray matter and is characterized by neuronal loss. Magnetic resonance spectroscopy has shown that the N-acetylaspartate/creatine ratio in the majority of Alzheimer\'s disease patients is lower than that of the normal (control) group\[[@ref27][@ref28][@ref29][@ref30]\]. The present study supported these previous results, showing a significantly higher N-acetylaspartate/creatine ratio in the hippocampus of Alzheimer\'s disease rats compared with the control group. However, other studies have shown no significant difference\[[@ref31][@ref32][@ref33][@ref34]\]. Choline belongs to the cholinergic phosphate family, and is a component of cell membranes which is involved in phospholipid synthesis and metabolism, as well as myelin formation. The variation in levels of choline reflects changes in the number of glial cells\[[@ref6]\]. Choline and creatine are generated from glial cells, and increased levels of the two indicate glial cell proliferation\[[@ref6]\]. The present study showed a higher choline peak in the hippocampus of Alzheimer\'s disease rats compared with normal rats, suggesting the proliferation of glial cells in the hippocampus. Furthermore, the N-acetylaspartate/choline ratio was significantly reduced compared with the control group, which supports the previous study\[[@ref32]\]. Although magnetic resonance spectroscopy is rarely applied for rat models of Alzheimer\'s disease, its use in Alzheimer\'s disease patients has revealed an elevation in the choline/creatine ratio in this group\[[@ref32]\]. These differences may be explained by the variation of the detection site or the severity of the disease, and the elevated ratio has been proposed to be closely linked with the degeneration of neuronal membranes\[[@ref35]\]. The decline of hippocampal N-acetylaspartate/creatine ratio is mediated by the loss of hippocampal neurons, the formation of senile plaques, and neurofibrillary tangles\[[@ref32]\]. Hematoxylin-eosin staining in the present study revealed the loss of hippocampal neurons and more glial cells. In addition, electron microscopy results showed neuronal shrinkage and mitochondrial rupture. These findings were consistent with magnetic resonance spectroscopy results, showing the reduced N-acetylaspartate peak, and the elevated creatine and choline peaks. Furthermore, Alzheimer\'s disease rats had memory loss and decline of learning capacity. Overall, these characteristics were similar to the pathology and behavioral deficits of Alzheimer\'s disease patients. These experimental findings indicated that nuclear magnetic resonance spectroscopy effectively detected the lesions and functional changes in the hippocampus of Alzheimer\'s disease rats *in vivo*. Therefore, this technique may allow the possibility of evaluating the success rate of an Alzheimer\'s disease model in determining a treatment strategy for this disease.

In the present study, a rat model of Alzheimer\'s disease was established 2 weeks after microinjection of Aβ1--40 into the bilateral hippocampi. Moreover, nuclear magnetic resonance spectroscopy results were consistent with the behavioral and neuropathological changes of Alzheimer\'s disease. Although we only reported on preliminary applications of 7.0T high-field magnetic resonance spectroscopy 2 weeks after inducing Alzheimer\'s disease, our findings showed that this technique is a non-invasive method of possibly diagnosing this disease.

Materials and Methods {#sec1-4}
=====================

Design {#sec2-6}
------

A randomized controlled animal study.

Time and setting {#sec2-7}
----------------

Experiments were performed from January 2012 to August 2012 in Beijing Neurosurgical Institute, Beijing, China.

Materials {#sec2-8}
---------

### Animals {#sec3-1}

Thirty Wistar male rats (260--280 g) of clean grade were provided by Experimental Animal Center of the Zoology Department, Chinese Academy of Military Medical Sciences (license No. SCXK (Army) 2007-004). Animals were housed at 22°C under 60--70% humidity, on a 12-hour light/dark cycle, with *ad libitum* access to food and water. Experiments were performed under strict accordance with the *Guidance Suggestions for the Care and Use of Laboratory Animals*, issued by the Ministry of Science and Technology of China\[[@ref36]\], and approval was obtained from the Animal Ethics Committee of Beijing Neurosurgical Institute Affiliated to Capital Medical University (2012011012).

### Drugs {#sec3-2}

Aβ1--40 was purchased from Sigma-Aldrich (St. Louis, MO, USA). Aβ1--40 (1 mg) was dissolved in sterile saline at 1 g/L and incubated at 37°C in the water bath for 7 days to obtain aggregated Aβ1--40.

Methods {#sec2-9}
-------

### Establishment of the Alzheimer\'s disease model {#sec3-3}

Rats were anesthetized with 10% chloral hydrate (300 mg/kg) *via* intraperitoneal injection and placed in a stereotactic apparatus (David Kopf, Tujunga, CA, USA). After the hair was sheared and the skin was disinfected, a longitudinal incision was made in the middle of the dorsal skull, the subcutaneous tissue was cut, and the osseous fascia was bluntly isolated. According to the Rat Brain in Stereotactic Coordinates\[[@ref37]\], the coordinates of the bilateral hippocampal CA1 regions were determined (3.3 mm posterior to bregma, 2 mm lateral to the midline, 2.7 mm inferior to the dura mater). The skull around the CA1 region was drilled using a small dental drill and the vertical position of the microsyringe was corrected. Aβ1--40 and (8 μL) was then injected for 10 minutes and the needle was maintained for 10 minutes. The needle was subsequently pulled out slowly, the wound sutured, and the rats were returned to the cage. After surgery, the rats were intramuscularly injected with 16 × 10^4^ U penicillin for 3 days to prevent infection. The control group was given 5 μL saline.

### Morris water maze task {#sec3-4}

The Morris water maze (Chinese Academy of Medical Science, Beijing, China) consisted of a circular water tank (diameter 150 cm; height 50 cm) filled with water, which was maintained at 25 ± 1°C in a suitably equipped room at a constant temperature of 24 ± 1°C and humidity. By using two fictitious vertical lines, the tank was divided into four imaginary quadrants of equal sizes (designated as quadrants I, II, III, IV) with the escape platform located in quadrant III relative to the spatial cues for all training trials. The escape platform (diameter 10 cm; height 24 cm) was round and black, located 30 cm from the wall of the water tank. The surface of the escape platform was submerged 1 cm below the water surface. The experiment was performed for 6 days, including the placed navigation test and spatial exploration test. On day 9 after Alzheimer\'s disease induction, the place navigation test was performed. Four trials where performed for each rat daily for 5 days and always faced the wall of water tank when they were carefully placed into the maze with four different starting positions. The time taken to find the platform was recorded as the escape latency. If a rat failed to find the platform within 120 seconds, this latency was recorded as 120 seconds, and the rat was allowed to take a rest on the platform for 30 seconds before continuing to the next trial. On day 14, we performed a spatial exploration test, recording the times the rats crossed the target platform quadrant. The period of retention in the target platform quadrant within 120 seconds reflected the spatial memory capacity of experimental rats.

### MRI and magnetic resonance spectroscopy {#sec3-5}

The Bruker 7.0T MRI equipment (Bruker Medical Systems, CLinScan, Berlin, Germany) was used 2 weeks after Alzheimer\'s disease establishment. MRI parameters included: T1WI repetition time = 2,000 ms, T1WI echo time = 38 ms, T2WI repetition time = 3,140 ms, T2WI echo time = 37 ms, field of view = 40 mm × 40 mm, matrix = 240 × 320, and slice thickness = 1 mm. Magnetic resonance spectroscopy parameters included: multi-voxel spectroscopy scanning, including the hippocampus and temporal lobe, T2WI repetition time = 3,140 ms, T2WI echo time = 37 ms, field of view = 40 mm × 40 mm, matrix = 240 × 320, slice thickness = 1 mm, and scan time = 217 seconds. The N-acetylaspartate, creatine, and choline contents were detected with magnetic resonance spectroscopy.

### Hematoxylin-eosin staining {#sec3-6}

Two weeks after Alzheimer\'s disease induction, rats were killed under anesthesia and perfused *via* the left ventricle with saline and 0.1 mol/L phosphate buffer (pH 7.2) containing 4% paraformaldehyde. After perfusion, the right atrial appendage was cut and the hippocampus removed and fixed for 24 hours. Coronal slices (30 μm) were incubated at 60°C for 30 minutes, dewaxed in xylene, and rehydrated in gradient ethanol. The slices were subsequently stained with hematoxylin for over 10 minutes and differentiated with 1% hydrochloric acid in ethanol for 2--3 seconds. Differentiation was terminated using tap water. Then slices were counterstained with eosin for 5 minutes, dehydrated in gradient ethanol, placed in xylene, and mounted. Slices were observed under the XSP8CE optical microscope (Shanghai Changfang Optical Instrument Co., Ltd., Shanghai, China).

### Electron microscopy {#sec3-7}

Two weeks after Alzheimer\'s disease induction, rats were killed under anesthesia and the brain harvested. The hippocampus was fixed in 2% paraformaldehyde and 2.5% glutaraldehyde at 4°C for 2 hours, rinsed with sodium dimethylarsenate buffer (pH 7.2), and fixed in 1% osmium tetroxide for 2 hours. The tissue was incubated with 100% ethanol followed by propylene oxide and resin (1:4) at room temperature for 1 hour then soaked in pure resin for 2 hours and embedded in Epon812. Slices were then cut into 1 μm semi-thin sections for Giemsa-methylene blue staining to view under the optical microscope. Sections were subsequently stained with uranyl acetate and lead citrate and observed under transmission electron microscope (Hitachi-7650; Hitachi, Tokyo, Japan).

### Statistical analysis {#sec3-8}

All data are expressed as mean ± SD. All data were analyzed using SPSS 13.0 software (SPSS, Chicago, IL, USA). The difference between the groups was compared using an independent sample t-test. *P* ≤ 0.05 was considered statistically significant.
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